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Introduction
In the perspective of a future hydrogen economy, there is an obvious need for hydrogen storage material that has high volumetric and gravimetric capacity as well as low cost and low temperature of operation. In this respect, the potential of lithium boro-hydride LiBH 4 as hydrogen storage material has been recently exposed by Züttel et al. [1] . The reaction has an enthalpy of formation of -74 kJ mol -1 and a hydrogen capacity of 13.8 wt% [2] . As this hydrogen reaction enthalpy is comparable to magnesium hydride, similar temperatures of the order of 573 K are required for desorption at around one bar of hydrogen pressure. The main drawback of using LiBH 4 is the difficulty to rehydrogenate. Usually, elevated temperatures of around 873 K and pressures of the order of 150 bar are needed for LiBH 4 formation from the decomposition products [3] [4] [5] .
LiH + B+ 3/2H 2 ↔ LiBH 4 (1
Recently, an interesting way to destabilize LiBH 4 has been proposed by Vajo et al. [6] as well as Barkhordarian et al. [7] . In this scheme, by adding a second element or hydride, a secondary exothermal reaction is taking place during dehydrogenation, thus effectively reducing the overall heat of reaction. Recent studies have explored this way of destabilization [8] [9] [10] .
However, in order to fully take advantage of this approach, a better fundamental knowledge of the constituents is needed. The LiBH 4 crystal structure, phase transition, and phonons modes have been investigated, mainly by X-ray diffraction [11] [12] [13] [14] [15] [16] [17] [18] , Raman spectroscopy [15, [19] [20] [21] [22] [23] , NMR [18, 24, 25] , and calorimetry [18, 26] .
At low temperature, LiBH 4 anions also in a tetrahedral configuration [11] . The high temperature crystal structure is hexagonal (space group P6 3 mc) and closely related to the orthorhombic room temperature phase. In the high temperature phase, the tetrahedrons are more symmetric and less distorted than in the orthorhombic phase [11] . The orthorhombic (low temperature) → hexagonal (high temperature) first order phase transition appears at around 383 K [1, 4, 20, 27] . It has been observed that a slight hydrogen desorption of 0.3 to 1.3 wt.% takes place in the region of the structural phase transformation [1, 18, 28] . At ambienttemperature, a phase transition into a high-pressure phase (Ama2) is observed around0.6 GPa, and a second transition at ca 18 GPa leads to a cubic phase (Fm-3m) [13] .
In many experimental set-ups LiBH 4 or a mixture of it with other compounds is milled in order to achieve nanocrystallinity and better hydrogen sorption properties. However, it is well known that milling also introduces phase transformation. In this paper, we report a calorimetric investigation of phase transformation in unmilled and ball-milled LiBH 4 . We also tested the effect of air exposure on the phase transitions behaviour of unmilled LiBH 4 .
Experimental Method
The LiBH 4 used in this investigation was purchased from Sigma-Aldrich and had a purity of 95%. High energy milling was carried out in a Spex 8000 shaker mill. Each milling was performed by placing one gram of LiBH 4 inside a 55 cm 3 hardened steel crucible in an argon atmosphere with three stainless steel balls for a ball to powder weight ratio of 30. After 1 h of milling a fine powder was collected and stored under argon.
The Pressure Differential Scanning Calorimetry (PDSC) was performed on a Q10 apparatus from TA Instrument Company. Sample pans and covers made of copper were used. The pans were loaded with LiBH 4 and the cover crimped in an argon filled glove box. The crimped samples pans were put in a small vial under argon and were exposed to the air just for loading the sample on the PDSC instrument. As the samples were crimped, the air exposure is essentially nil. PDSC runs were performed under argon atmosphere, as well as under 2 bar of hydrogen. As hydrogen diffusion is high, the fact of using crimped samples does not prevent release and uptake of hydrogen by the sample. In most cases, three successive runs were performed in each experiment. A first heating run from room temperature to 425 K, was followed by a cooling run from 425 K to room temperature and a last heating run up to 425 K. The heating and cooling rates were the same (in absolute value) for the three successive runs. Heating (cooling) rates of 40, 20, 10, 5, and 2 K/min were used. For the cooling curves, the lowest temperature reached is much higher for runs done under argon than for the ones done under hydrogen. This is explained by the fact that the PDSC apparatus does not have a cooling unit; therefore the cold source of the apparatus is actually the room. As argon has much lower heat conductivity than hydrogen, the heat exchange between the PDSC block and the room is much better when hydrogen gas is used instead of argon. In the cooling mode, the program tries to maintain the requested temperature ramp but, when cooling power is not sufficient and the set ramp cannot be maintained, the execution of the program stops. Heat conductivity of argon being smaller than hydrogen, this is why the cooling runs stop at a higher temperature for runs performed under argon compared to hydrogen.
For air exposure experiments we used dry air from Praxair of Volatile Organic Compound Free grade with less than 2 ppm of water. The applied pressure was 120 bar. X-ray powder diffractions (XRD) were performed on a Bruker D8 Focus diffractometer using Cu K radiation.
In-situ powder diffraction under Ar and H 2 atmosphere were performed at the Swiss-Norwegian Beam Lines of ESRF. Diffraction data for the ball-milled LiBH 4 were collected on a 0.5 mm glass capillaries filled in a high purity Ar-atmosphere. A MAR345 Imaging Plate detector at the sample-todetector distance of 250 mm and synchrotron radiation at λ = 0.700090 Å were used. The capillary was heated from 100 K to 500 K at a rate of 10 to 100 K per hour, while synchrotron powder diffraction data were collected in-situ. Temperature was controlled with an Oxford Cryostream 700+. Each pattern was collected during 50-60 seconds exposure time, while the capillary was rotated by 50-60 degrees, followed by a readout during 83 seconds.
The following in-situ diffraction experiments were performed under Ar atmosphere:
 Wide temperature range: upon heating from 100 to 500 K, with 60 K per hour rate;  Fine temperature sampling: upon heating from 368 to 398 K, followed by cooling in the same temperature range with a rate of 10 K per hour; the same heating/cooling cycle was then repeated on the same sample spot, but with a rate of 100 K per hour.
Under hydrogen pressure, the following in-situ diffraction experiments were performed, using the gas system described in [29] : The data were integrated using Fit2D program [30] and a calibration measurement of a NIST LaB 6 standard sample. Very high counting statistics allowed us to define precisely the background line and to observe very weak diffraction peaks. Highly accurate integrated intensities were obtained thanks to a good powder average achieved by projecting the 3D scattering information on the 2D detector.Uncertainties of the integrated intensities were calculated at each 2-point by applying Poisson statistics to the intensity data, considering the geometry of the detector, similar to the procedure described in [31] . The calculated absorption coefficient is practically equal to zero, thus the absorption correction was not applied.
Structural information for the orthorhombic and the hexagonal phases of LiBH 4 was taken from [14] . Temperature dependence of the cell and other structural parameters was obtained via a sequential Rietveld refinement implemented into Fullprof [32] . Positions and thermal displacements of Li and BH 4 groups were refined according to [14] . The background was described by linear interpolation between selected points. Figure 1 shows the X-ray powder diffraction of unmilled and milled LiBH 4 . As a comparison a calculated pattern of the low temperature orthorhombic phase as given in Refs. [11, 12, 14] is also shown. It should be pointed out that, because LiBH 4 reacts with water vapour contained in air, a sealed sample holder had to be used for X-ray powder diffraction measurements. This sample holder is responsible for the large background between 10 and 40 degrees. In the case of unmilled (as-received) sample only two peaks could not be indexed to the LiBH 4 orthorhombicphase: one peak at around 16° and the other peak at around 22°. These two peaks could not be indexed to any oxide or hydroxide phase and their origin is still unknown. The most striking feature of the diffraction pattern of unmilled sample is an altering of the relative intensity of the diffraction peaks. In Figure 1 , the Miller indices of the peaks with intensities much higher than the calculated pattern are given. In the case of ball milled sample, the bad powder average [14] and preferred orientation seen in the unmilled pattern have been eliminated and the relative intensities are very close to the calculated pattern. The most probable explanation for the features of unmilled and milled samples is that the synthesis method induced some texture to LiBH 4 particles and when the particles are broken by ball milling action this texture is lost. Surprisingly, the two unknown peaks present in the unmilled sample pattern are no longer visible in the milled sample curve. In fact the only peak that does not belong to LiBH 4 phase in the pattern of milled sample is a very small peak at around 21°.
Results and Discussion

Structural Characterization
Phases Transformations in Unmilled LiBH 4
Figure 2 shows the DSC curves of unmilled LiBH 4 taken under argon atmosphere, 2 bar of hydrogen with a 20 K/min ramp. The peak temperatures of the different events are listed in Table 1 . Each curve shows a first heating (H1) from room temperature to 415 K followed by a cooling curve (C) from 415 K to the lowest temperature reachable while keeping the 20 K/min cooling rate, and a second heating (H2) to 415 K. Figure 2 shows several interesting features. First, a small endotherm around 318 K is present on the curve recorded under argon atmosphere but is absent on the curve recorded under 2 bar of hydrogen. This endotherm was reported before but its nature was not discussed [18] . The character of this endotherm will be examined further in the following sections. Secondly, a large exotherm is seen between the first endotherm and the usual low temperature  high temperature phase transition endotherm i.e., from about 330 K to 385 K. This exotherm was reported by Mosegaard et al. for an air exposed sample and was coupled with hydrogen release [18] . They attributed it to a complex between water and LiBH 4 and associated it to an additional phase. On the other hand, Kato et al. reported hydrogen release centered at the phase transition temperature for pure LiBH 4 as well as for LiBH 4 exposed to oxygen [33] . As will be seen in the next sections, our tests indicate that gas release at around the phase transition temperature is not a matter of contamination but an intrinsic characteristic of the material. The low temperature  high temperature phase transition endotherm measured in our investigation is in the same temperature range than reported in previous investigations [1, 4, 20, 27] . A close inspection of the phase transition endotherms shows that the curves measured under argon atmosphere are not as steep as the ones measured under hydrogen. This is most probably due to the higher conductivity of hydrogen which produces a faster kinetic of the phase transformation and thus a steeper slope.
Upon cooling, the high temperature  low temperature phase transition is seen at a temperature of about 381 K. This hysteresis was identified by Gomes at al. and was explained by the fact that the transition is of first order [20] . In Table 1 the peak temperature of all events are presented. We see that the nature of PDSC atmosphere does not have a major impact on peak temperatures.
Investigation of the Exotherm
Effect of PDSC Atmosphere
From Figure 2 , the qualitative behaviour of the exotherm curve can be determined. First, the exotherm appears on the heating part of the curves but is practically absent in the cooling curves no matter if the experiment was performed under argon or hydrogen atmospheres. As the exotherm appears in the first heating for both argon and hydrogen atmosphere we can rule out immediately that the exotherm is due to the different heat conductivity of these two gases. Secondly, on the second heating (H2) the exotherm is present for experiments run under hydrogen but is absent for the experiments run under argon. To have a better proof of these observations, the following experiment was performed. First, an unmilled LiBH 4 sample was subjected to three successive PDSC heating under a hydrogen pressure of 2 bar. After each run the sample was cooled in the DSC under the same atmosphere. As seen on Figure 3A , the successive runs are almost identical. The orthorhombichexagonal phase transformation happens at the same temperature and the exotherm is present in all curves. The only noticeable difference is the disappearance of the low temperature endotherm for the second run. However, this endotherm re-appears on the third run. The reason for this effect is unclear. As the exact nature of this endotherm has not been discussed in the literature, this question remains open. For the second test, a new unmilled LiBH 4 sample was subjected first to a heating and cooling under 2 bar of hydrogen. The PDSC atmosphere was then changed to one bar of argon and a second heating/cooling cycle performed. After completion of the second cycle, the PDSC atmosphere was returned to 2 bar of hydrogen and a third cycle was carried out. The DSC traces of these runs are shown in Figure 3B . As expected, the first run is identical to the one seen in Figure 3A . In the same way, the second run is showing the same features as in Figure 2 , i.e., endotherm at 318 K, broad exotherm and different slope of the low orthorhombic-hexagonal phase transformation due to the different atmosphere. However, a drastic difference is seen for the third run. This curve does not show the low temperature endotherm as well as the broad exotherm. Only the orthorhombic-hexagonal phase transformation is seen. Therefore, after a complete cycle under argon the nature of the sample changed, contrary to the case for the experiment performed entirely under hydrogen. In a separate experiment (not shown), we confirmed that if the third run is also performed under argon the curve is identical to the second run under argon reported in Figure 3B. 
Effect of Settling Time
The preceding section results seem to indicate that argon atmosphere "degrades" LiBH 4 in some way. We also suspected that time might play a role in this change of thermodynamic behaviour. We thus executed the following experiment: a heat/cool/heat run under argon was carried out on an unmilled LiBH 4 sample. The sample was then stored in an argon atmosphere glove box for two days. After this period the sample was measured again under the same conditions. The resulting PDSC curves are presented in Figure 4 . The first experiment is identical to the one reported in Figure 2 and it is clear that on the second run the exotherm is not present. The remarkable result is that after two days in the glove box the sample has a PDSC trace identical to the original one. Mainly, the broad exotherm is totally recovered. Therefore, we may conclude that after a PDSC run under argon LiBH 4 is in a metastable state. The reason why such a metastable state is reached while the scan is performed under argon and not when it is under hydrogen has to be investigated. One possible explanation may be related to the slight desorption of hydrogen at temperature below the orthorhombic-hexagonal phase transformation seen by Soulié et al. [11] . Our hypothesis is that maybe some hydrogen is in solid solution in the LiBH 4 structure. When the compound is heated and cooled under hydrogen atmosphere, some hydrogen will return in solid solution during the cooling phase. However, if the heating/cooling is done under argon, the amount of hydrogen liberated during heating is so small that it will get diluted into the argon atmosphere and the partial pressure will be too low to re-enter LiBH 4 during the cooling phase. If then a second run is performed immediately after the first run, there will be no release of hydrogen during heating. However, if the sample is left for some time, an equilibrium solid solution is forming again by a slight dehydrogenation of LiBH 4 . As this quantity of hydrogen is very small compared to the total hydrogen capacity of LiBH 4 , this phenomena is virtually impossible to see by powder diffraction. Thermodynamically, a release of hydrogen is usually an endothermic effect, thus the low temperature endotherm may be the release of hydrogen in solid solution. Once this hydrogen is released, the crystal structure should accommodate to a new environment, thus producing the large exotherm. [18] or as decomposition of etherates [34] . In a recent report, Kato et al. have shown that exposure to oxygen significantly enhances the hydrogen desorption process and reduces desorption of diborane [33] . They also showed that oxygen exposure induces segregation of Li onto the surface. In the present investigation we measured the effect of air expose upon the thermal behaviour of LiBH 4 . For this purpose, a sample of unmilled LiBH 4 was put inside a pressured vial which was filled with dry air at 20 bar and kept at room temperature for two days. After two days of dry air exposure, a PDSC curve under argon was performed. Figure 5 shows the results of the PDSC heating/cooling/heating scan after two days of dry air exposure. In Table 2 we list the peak temperatures for scans before and after air exposure. It is clear that there are no obvious changes on the presence and peak temperature of the various exothermic and endothermic reactions. Therefore, we could conclude that dry air exposure does not have any effects on the thermodynamics of phase transition in LiBH 4 . 
Effect of Milling
In this section we will report on the effect of high energy ball milling of LiBH 4 . Samples of as-purchased LiBH 4 were milled for one hour in a high energy mill under argon atmosphere.
PDSC Curves
The PDSC curves under different atmosphere of ball milled LiBH 4 are shown in Figure 6 . These curves are drastically different than the unmilled LiBH 4 curves of Figure 2 . In the following sections, we will examine in details the features of PDSC curves taken under various atmospheres on the milled sample. For the PDSC run done under argon atmosphere we see that on the first heating (H1) the low temperature  high temperature phase transition presents an endotherm that is much broader and at a higher temperature than in the unmilled LiBH 4 case. The cooling curve shows an exotherm peak corresponding to the high temperature  low temperature phase transition that is broader and at lower temperature than the corresponding transition for the unmilled case of Figure 2 . On the second heating curve (H2), the endotherm peak temperature is shifted back to the same temperature as in the unmilled case except that the peak is still very broad.
PDSC Performed under Hydrogen Atmosphere (2 and 20 bar)
For the milled material, the most significant feature of the PDSC runs under hydrogen is the appearance of a double peak at the temperature of the low temperature  high temperature phase transition. In the case of the first heating (H1), these double peaks are formed by a small sharp peak at the same temperature as the phase transition peak seen in the unmilled case followed by a broad peak at higher temperature. In the cooling run (C), there is also a double peak with the sharp peak corresponding to the one present in the unmilled sample and a broad peak at lower temperature. On second heating (H2), the sharp peak is more important and the broad peak shifted to lower temperature and could be seen only as a shoulder of the sharp peak. These features are essentially the same for runs performed under 2 bar and 20 bar of hydrogen. The broad peak may be due to re-crystallization of the small LiBH 4 particles.
Activation Energy of the Exothermic Peak
In order to get more information on the nature of the exothermic peak, PDSC scans were performed at heating rates 2, 5, 10, 20, and 40 K/min under argon atmosphere and 2 bar of hydrogen pressure for unmilled and milled samples. Figure 7 shows the curves under 2 bar of hydrogen for milled LiBH 4 . Even if the scale had to be changed in order to fit all curves, it can be seen that the exotherm peak shifts to lower temperatures when the heating rate is reduced. The activation energy, as determined from Kissinger's plots, is reported in Table 3 . It shows that, except for the unmilled sample measured under argon, all other values are in agreement within experimental errors. Therefore, milling does not seem to change the nature of the exothermic peak. 
In-situ Synchrotron X-ray Diffraction Study
As mentioned in the experimental section, synchrotron in-situ powder diffraction was performed for ball milled LiBH 4 . Representative Rietveld refinements of patterns taken below (100 K) and above (388 K) the phase transition are presented in Figure 8 . Both refinements show single phase samples without any impurities. A search for an intermediate phase was done by heating and cooling under argon and hydrogen pressures (2 bar and 40 bar) as described in the experimental section. As a representative of these measurements Figure 9 shows the stack of powder diffraction patterns for a sample heated from 297 K to 400 K at 40 K per hour and under 2 bar of hydrogen pressure. It is clear that there are no unidentified peaks and the transition goes directly from the orthorhombic to the hexagonal phase. A similar situation was observed for all other cases of heating and cooling, irrespective of the nature of gas (argon or hydrogen), pressure and rate of heating. No evidence of a new phase was found. However, some interesting observations were made on the temperature variation of the unit cell parameters. Cell parameters for the orthorhombic LiBH 4 phase, measured under Ar upon heating from 100 to 500 K with 60 K per hour rate, are plotted in Figure 10 with those for the unmilled sample reported in ref. [14] . A large discrepancy is observed at low temperatures. This difference is probably related to the strains induced by milling. The data from image plate detector have a good time resolution which is perfectly suited for the in-situ measurements of this investigation. On the other hand, they are not of sufficiently high angular resolution for the accurate determination of strain parameters. Hydrogen desorption may release some strain in the milled LiBH 4 , but an observation of the strain decrease would be difficult to interpret as this might be the result of any other relaxation process.
At higher temperatures (above 300 K), the variation of the cell parameters corresponds to an evolution of the order parameter driving the temperature-induced phase of the orthorhombic LiBH 4 . It has been shown that the order parameter in LiBH 4 can be parameterized as a shift of layers formed by Li and BH 4 , together with in-layer deformations [35] . The temperature dependence of Li-B distances has shown [15] that the layers defined in the bc plane of the orthorhombic phase become flatter as the temperature is increased: the difference between atomic coordinates for Li and B atoms decreases with temperature. Also, the distance between the layers significantly increases with temperature. However, the pronounced difference between the milled and unmilled samples occurs only at low temperatures, where a bistability of the low-temperature Pnma and high-pressure Ama2 phases of LiBH 4 is observed [23] . Thus, the strains make an influence not on the temperature driven phase transition (Pmna ↔ P6 3 mc) but on the pressure driven one (Pnma ↔ Ama2). The hypothesis is that milling should move the boundary of the Pnma↔Ama2 phase transition.
Temperature Variation of Lattice Parameters: Effect of Hydrogen Atmosphere and of a Hydrostatic Pressure
The axial ratios are sensitive to different external stimuli, and they are quite accurate, since they do not depend on the absolute values of the cell parameters (i.e., instrument calibration etc). The axial ratios measured under argon and hydrogen for milled and unmilled samples are reported in Figure 11 . These plots unambiguously prove the pronounced effect of milling on the thermal expansion of LiBH 4 .Curves of milled samples measured under argon (black circles) and under 2 bar of hydrogen (blue lozenges) are identical. However, the milled sample measured under 40 bar of hydrogen is clearly different from the others. Unfortunately the sample under 40 bar H 2 was not measured down to low T, but even with the data in the limited T-range, the effect of H 2 pressure is undeniable.
Analysis of the high-pressure data collected on the LT LiBH 4 in diamond anvil cells [13] yields the following previously unpublished pressure dependences of its cell parameters: a = 7.1772(6)-0.2670 (9) 
where P is in GPa and the number in parentheses is the uncertainty on the last digit. Despite the fact that the compression of the a-parameter is more pronounced, the observed temperature variations of the axial ratios ( Figure 11 ) cannot be explained merely as an effect of pressure. The observed change between 0 and 40 bar of H 2 indicates an interaction between the hydrogen gas and the LT LiBH 4 solid phase. In principle, the amount of hydrogen absorbed could be determined from the observed volume deviations. Unfortunately the values of the cell volume are accurate only within the range of the same experiment. So, any relative volume changes can be monitored by cycling the sample in vacuum or in hydrogen atmosphere which could not be done with our experimental conditions. Therefore, the estimation of the hydrogen trapped in solid solution in the LT LiBH 4 solid phase is not possible.
Conclusion
We studied the effect of milling and air exposure on the thermodynamic and crystal structure properties of LiBH 4 . The presence of an exothermic peak before the low temperature → high temperature (orthorhombic  hexagonal) phase transition was shown not to be due to air contamination. From PDSC measurements under argon and hydrogen atmospheres, it was revealed that this exotherm is closely related to the presence of hydrogen and has an activation energy of 100 kJ mol -1 (1 eV). It is thus postulated that it is due to some hydrogen evolution in solid solution in the orthorhombic low temperature LiBH 4 phase. It was also found that, upon milling, the endothermic peak of the orthorhombic  hexagonal phase transition is split in two when the PDSC scan is performed under hydrogen. However, no sign of another crystal structure was found from in-situ synchrotron diffraction studies. On the other hand, synchrotron measurements showed that lattice parameters are altered by milling due to induced strain. These strains do not change the boundary of the temperature-driven phase transition (Pmna ↔ P6 3 mc) but may modify the pressure driven transition (Pnma ↔ Ama2). The axial ratios for the LT LiBH 4 are considerably different under 40 bar of hydrogen, indicating an interaction between the hydrogen gas and the LT LiBH 4 solid phase.
